A Steel alloy (16MnCr5) used for automotive applications (engine components) was chosen as substrate to be covered by DLC films deposited by Plasma Immersion Ion Implantation. This kind of recovery is useful for improve its mechanical and tribological applications, more specific to increase surface hardness and to reduce the friction coefficient (µ). After polished and ultrasonicated, 16MnCr5 substrates were submitted to PIIID procedures for 100 W of radiofrequency power, from atmospheres supplied with 80% of methane and 20% of argon, keeping the work pressure fixed to 5.5 Pascal. Four different deposition times was chosen being of (1800 s, 3600 s, 5400 s and 7200 s). PIII parameters were (-3600 V, 30 µs and 300 Hz). It was investigated the effect of DLC properties over the substrates using Raman Spectroscopy (for Hydrogen content and microstructure analysis), Ultra Micro-Tribometer (for friction coefficient: µ) and Nanoindentation (hardness).
ReSumo
Uma liga de aço (16MnCr5) utilizada para aplicações automotivas (componentes de motores) foi escolhida como substrato para ser recoberta por filmes finos de DLC depositados por Implantação Iônica por Imersão em Plasmas. Este tipo de recobrimento é útil para melhorar suas aplicações mecânicas e tribológicas, mais especificamente, para aumentar a dureza superficial e reduzir o coefficente de atrito 
InTRoduCTIon
The current trend in the automotive industry is to adopt designs, materials and surface treatments that lead to the development of more efficient engines with low friction, improved wear and reduced fuel consumption (1) . This can be achieved by methods that, employs specialized coatings (DLC's) which minimize the friction and wear on interacting components in both dry and lubricated contacts. Ofune M. et al (2) have showed that 16MnCr5 alloy presented tribological results when it was recovered by DLC films. Nowadays, wear and friction coefficient conditions have been studied with large interest in the scientific community and industry (3) . Advances allow the deposition of coatings, as diamond-like carbon (DLC), with higher deposition rates, hardness, adhesion to metallic substrates, wear resistance and low friction coefficient (3) and Diamond-Like Carbon (4) is an amorphous carbon with significant fraction of C-C sp 3 bonds.
Several deposition methods have been developed in order to obtain a-C:H films with higher proportions of carbon atoms in sp 3 hybridization (5) . Hydrogenated amorphous carbon films have found many applications due to association of properties such as high density, hardness, chemical inertness and smoothness (6) . In general way they are prepared via plasma techniques including all the CVD and PVD approaches. The deposited material may be tailored from soft polymeric to hard inorganic, depending on system parameters such as the monomers, comonomers, and their flow rates, the power applied to the discharge, deposition time, etc (7) . In this context, Plasma Immersion Ion Implantation & Deposition (PIIID) is an especially interesting tool for the preparation of such films since it enables to control the energy deposited in the growing layer through ionic impacts. In this approach, the samples are immersed directly in plasma excited from organic compound pure or mixed to other gases while high voltage negative pulses are applied to the sample holder (8) . The energy transferred to the matter via ionic and electronic collisions, are suitable for the properties of the samples, recovered, including the type of microstructure formed in the a-C:H films. For different deposition times, it is possible to grow films in different thickness, which for itself, has influence on the timelife of these materials. In this work PIIID was used to grow a-C:H films over the surface of 16MnCr5 substrates, since this kind of recover over alloy steels usually improves the surface hardness and reduce its friction coefficient. It's in agreement with the automotive industry whereas; engine components may have its performance extended, owing to DLC recover on to this 16MnCr5 alloy steel, in order to resist against shear stress. Hence, microstructure of these films was investigated. Carbon forms a great variety of crystalline and disordered structures because it is able to exist in three hybridizations, sp 3 , sp 2 and sp 1 (9) . In the sp 3 configuration, as in diamond, carbon atoms four valence electrons are each assigned to a tetrahedrally directed sp 3 orbital, which makes a strong σ bond to an adjacent atom. In the three-fold sp 2 coordinated configuration as in graphite, three of the four valence electrons enter trigonally directed sp 2 orbitals, which form σ bonds in a plane. The fourth electron of the sp 2 atom lies in a pπ orbital, which lies normal to the σ bonding plane. This π orbital forms a weaker π bond with a π orbital on one or more neighboring atoms. In the sp 1 configuration, two of the four valence electrons enter σ orbitals, each forming a σ bond directed along ±x-axis, and the other two electrons enter pπ orbitals in the y and z directions. Our results point out that, microstructure generated in the films deposited here is concerned to the DLC arranged in an amorphous carbons alloys, containing considerable hydrogen in (%), that is possible to be an a-C:H or DLCH. According literature (10) , they are hard materials, containing about 40% of sp 3 sites, 30-40% of H, and and 10-20 GPa of hardness.
meTHodS
Glass plates (~50 mm 2 ) and polished 16MnCr5 steel plaques (~50 mm 2 ) were employed as substrates for film deposition.
Substrates were initially cleaned in ultrasonic (Cristofoli USC 3881) baths, then, 16MnCr5 steel substrates, polished in 3µm alumina grain, were cleaned in deionized water and alcohol baths. The cleaned substrates were positioned at the sample holder of a capacitive coupled plasma system, fully described in a previous work (11) . The system was then, pumped picked up as Table 1 , according procedure developed by Oliveira (12) . Profilometry was used to measure the thickness and roughness of the films. The equipment was a Dektak 150 (Veeco Company), scanning 500 µm of distance in a frequency of 200 Hz using silicon tip. The micro-structure of the films was investigated by Raman Spectroscopy in a Renishaw S 2000 using an argon laser (514.5 nm). Spectra were acquired directly from samples prepared on steel 16MnCr5 in the wave number region 800 to 2000 cm -1 . Hardness of the films was evaluated using the nanoindentation data acquired in a Hysitron Triboindenter. A multiple step load function presenting maximum and minimum loads of 100 and 1.000 µN, respectively were applied to a diamond Berkovich tip, providing hardness results for ten different depths. The load application and removal rates were 1 s and 1 s, respectively, while dwell time was of 1 s for all the tests. The friction coefficients Table 2 reveals the increase of thickness of the films when the samples were submitted to higher times of deposition. And the roughness where quite similar for all films excepted to the film deposited for the highest time (7200 s), that presented lower roughness.
ReSulTS

Thickness and Roughness
According to the work done by Salvatori et al. (13) at the beginning of the film deposition tends to increase the roughness became greater than the initial, due to deposition occurs quickly on the peaks than in the valleys. While increasing film thickness, the surface roughness decreases due to filling of the valleys generated by lateral growth surface (14) . During the glow discharge in the reactor, some processes begins to appear, such electrons collisions and ion bombardment. The fragmentation of the organic molecule under the plasma environment, leads to create low energy radicals that promptly react with radicals on the solid surfaces. Hydrocarbon gas such as methane is ionized in plasma, resulting in Hydrogen ions. They trend to create covalent bonds with C + ions. Furthermore, charged species formed in the plasma phase (CH + , CH 2 + and CH 3 + ); bombard the growing layer due to the polarization of the sample holder. Moreover, in organic materials, deposition of energy through ionic collisions induces, amongst other effects, bond rupture with emission of chemical species (15) . As hydrogen constitutes lateral or terminal groups in such materials it is very prone to be emitted upon bombardment, generating dangling bonds (16) . As these species are extremely unstable, they tend to be consumed through structural organization by crosslinking and carbon bond insaturation. As long as the substrates were fixed in the reactor during the deposition, then the recombination rate tends to increase resulting in lower defect concentrations, that is, in a better organized structure, but even, active sites still remain in the solid structure. Hence, species as O and N are expected in the structure of plasma deposited materials since residual radicals are incorporated in the structure during deposition, promoting reactions with water vapor and atmospheric oxygen when the samples are exposed to atmosphere, in order to minimize the dangling bonds (17) . The bonding in a:C-H can be described as follows. The C sp 3 sites form a continuous network of C-C bonds.
Most sp 3 sites are bonded to one or more hydrogens. A large part of the sp 3 bonding in a-C:H is due to saturation of bonding hydrogens. The sp 2 sites form small clusters in this matrix. In soft a-C:H the clusters tend to be olefin and do not give a Raman D peak. (18) . When those films are deposited at high bias, the sp 2 clusters become larger and increasingly aromatic and so give rise to the observed D peak. The G peak position saturates at 1600 cm -1 at high photon energies for high bias samples, while it continues above 1600 cm -1 for polymeric a-C:H. So, Raman analysis is important to evaluate the microstructure of the films, and then, may be possible to understand the hardness values and friction coefficient of the films. Figure 1 shows the Raman spectra in the range of wavenumber: 800 cm -1 region for films grown in different times. All films presented the peak positioned next to 1540 cm -1 of wavenumber, typical of a-C:H films according Robertson (19) . The Raman spectra exhibit asymmetric G band peak located at 1542 cm -1 . This value is generally observed in the hydrogenated amorphous carbon type film (a-C:H) (20) , which typically exhibit high hardness, high density and carbon content of up to 20% C styling (GLCH) or 20% at 40 % carbon named (DLCH) (20) . As sp 3 hybridization and increases the amount of unordered connections, there is a shift of the G band to the a little bit to left, corresponding to movies closer to the diamond structures. Moreover, when the position of the G band shifts to the right, it means there is an increased formation of carbon clusters. Other information that may be obtained from Raman spectra is the percentage of hydrogen in the film according to the method proposed in the literature, based on the determination of the spectrum baseline Raman tilt that appears due to the photoluminescence of H using 514 nm lasers. Figure 2 gives additional information, and G position reveals the amorphization trajectory The amorphization trajectory can previous how much sp3 sites can be the films are composed. Following the method proposed by Ferrari and Robertson (21) , the spectra were deconvoluted into two Gaussians, allowing to evaluate the band peak position (G position), the I(D)/I(G) intensity ratio and the full width at half maximum (FWHM) for four different points (deposition times). I(D)/I(G) assumes values between 0.52 and 0.80. Associating at the beginning of stage 3 (three model stage) (19) , such considerations with the prevision of moderate contents of H (< 45 %), and 20 % of sp3 sites films investigated here can be classified as a-C:H instead of polymer-like carbon. It is known (22) are just slightly affected by such a parameter. Analyzing the G band position data ( Fig.1) , it is observed no dispersion in the G band, but only a slightly shift to lower wavenumbers next to (1542 cm -1 ). This change, related to the enhancement in the proportion of sp 3 sites in the film, is very possibly caused by increment in the H proportion. Then, the sample with the highest sp 2 fraction is that prepared with 3600 s of deposition time. Since the G band width characterizes the disorder of the D band in the sp 2 hybridization (23) , In Figure 2 , also agrees with an elevation in the proportion of sp 3 sites.
Raman analysis
The slender variations in the G band position, band width and ID/IG ratio, may be a consequence of the predominant effect of the ion bombardment on the deposition kinetics. Possibly, stronger changes could have been detected if no ion bombardment was provided. About Pos (G) intensity, there is no significant factor to increase topological disorder if the ranged from 1542 to 1546 cm -1 is normal in the visible Raman excitation. Pos (G) values ranged from 1542 and 1546 cm -1 indicates for high H content a character of the films between PLCH and DLCH, because it is a threshold on the curves that define the type of a-C:H films. If we link this analysis plus G peak disorder, it reinforces the idea we have from our films, once, for this type of films, presents topologically disordered, but the structural disorder is lowered. It is possible that, high H content concerned to the σ bonds formation in order to minimize the free H energy. If we observe the film deposited to the 5400 s (t dep ), it's possible to differ it because it's Pos (G), is set to the wavenumber next to 1550 cm -1 , that it means, the G peak at approximately 1550 cm -1 involves the in-plan bond stretching motion of pairs of C sp 2 bonded atoms. This mode does not require the presence of six-fold ring, and so it occurs at all sp 2 sites, not only in the rings (24) . For the others conditions, the films seems to assume an a-C:H character as said before and confirmed by (20) the work well analyzed by Schrader, using Infrared analysis to supply the microstructure information for carbon amorphous films. Figure 3 shows the friction coefficient (µ), of the thin films (Y axis) as a function of the sliding time (X axis), analyzing four different conditions (deposition times).
Friction coefficient
It is possible that an increase in the width of the tracks corresponding to an increase of the friction coefficient for the synthesized films with 3600 s, 5400 to 7200 are not occur with the film deposited under 1800s, suggesting a more efficient friction conditions. The behavior, µ, in the sample which received the film deposited with a time 1800s, where it is observed that the µ value starts at 0.2 and remained constant until the end of test 300 s without breaking the film. The initial value of 0.18 for film, µ deployed 3600s had an increase to a level of 0.4 to 70 s where the rupture of the film and the interaction of the tribometer coefficient measurement between the ball and the substrate; where it remained until the end of the test 300 s. The behavior µ in the sample which received the deposited film 5400 with concentrations is observed that the value of µ starts at 0.2 s and holds up to 260 from where this reaches 0.3 until the end of test. The initial value of 0.18, µ continuously maintain with 7200 s deployment time up to 150 s where from this point suffers a steady increase to the level of 0.35 reaching the end of test at 300 s. In general, friction between surfaces in contact is affected by a variety of factors, however, it is controlled mainly by the formation and breaking of chemical bonds at the interface between the moving parts (25) . Saturation of the dangling bonds by atomic hydrogen or other adsorbates leads the friction coefficient of diamond to about μ = 0.22 and, atomic hydrogen (26) acts as lubricants also for graphite and improve its wear and lubricating behavior. Since, Enke et al (27) first reported in 1980 that, DLC from using a C source has low friction coefficients reinforcing its use as a lubricant, being in the air 0.10 < µ < 0.40. This is consistent with the results presented here. The friction properties of DLC's have reviewed recently by Grill (28, 29) , Donnet (30) and Gangopadhyay (31) . Erdemir et al (32, 33) have found that the friction coefficient on a-C:H from methane having the lowest µ, being the opposite of a-C:H films from acetylene which presents the largest µ.The large spread of values can be understood in terms of deposition system. In general, low values of these coefficients can be attributed to low shear strength of the transfer layer (34) . It is a consistent explanation with Raman analysis, which the layer has a disordered graphite structure, revealing evidence of amorphization of a-C:H films in the wear track. If the hydrogen is removed from hydrogenated DLC, the dangling bonds formed cause strong interactions between the surfaces in contact, resulting in a slope of friction coefficient as function of loss of hydrogen dry hydrogen (35) , similar to that reported for both graphite and diamond (36, 37) .
Hardness
In Figure 4 , hardness (Y axis) of the samples is plotted as a function of the tip penetration depth in nanometers (X axis). For the bare 16MnCr5, hardness keeps roughly constant around 2.0 GPa while for the samples containing the films, hardness progressively decreases with increasing depth. Considering shallower depths, where the influence of the substrate mechanical properties is reduced, it is possible to verify the influence of deposition times on the hardness of the a-C:H films. The best condition was the film deposited in 7200 s, which hardness reached more than 20 GPa ending to 15 GPa. Great hardness is typical for a-C:H films, confirmed by Raman analysis. Similar values were found for the films grown in another deposition times (t dep ).
In order to minimize the influence of steel substrate on the hardness results, hardness values were determine at regions which correspond to less than 15% of the film thickness. The hydrogen tends to connect via σ networks, C-H bonds, which ultimately relieves stress and produces a softer polymer-like-carbon. Graphitization of microstructure can be responsible to decrease hardness (38) . In contrast, sp 3 content is responsible to increase hardness when associated to C-C bonds. For the films produced in this work, this combination is in agreement with a-C:H in the literature because of a non-extreme values founded that reveal good hardness (10 < H < 20 GPa), and good low friction coefficients at the same time. It's consistent when we confirm sp 2 and sp 3 sites for those films, characterizing the status of a-C:H films as observed by Tamor et al. (39) to derive the fractions of the various C-H configurations. In our case, aromatic rings formed in the C films are resistant against penetration, explaining the good hardness properties.
ConCluSIonS
According microstructure analysis, friction coefficient, hardness, and hydrogen content (~ 40 % of H) obtained in this study demonstrated that coating can be classified as a-C:H, mixing sp 3 sites and sp 2 sites. The qualitative adherence of coatings was regular for all substrate surfaces revealing good adhesion. It was noted that, the coating deposited in 1800 showed the lower friction coefficient (µ = 0.2 for a whole sliding time), and the film deposited in 7200 ( > thickness), presented higher hardness, both coatings represent the best combinations of characteristics as coatings to engine parts. In terms of microstructure, Raman analysis was consistent to reveals G position in 1542 cm -1 typical of a-C:H, and 1550 cm -1 implying in good evidence of stretching modes of carbon containing sp 2 sites, hence the a-C:H character is useful to the explanation of the good behavior of the engine parts recovered by this thin film, and even, is pleasure to understand or predict its tribological behavior.
